It has been proposed that oxygen free radicals mediate damage that occurs during postischemic reperfusion. Recombinant human superoxide dismutase (r-h-SOD) has been shown to be effective at reducing reperfusion injury, but it is not known if this infused enzyme actually reduces oxygen free radical concentrations in the myocardial tissue. Electron paramagnetic resonance spectroscopy was used to directly measure the effect of r-h-SOD on free radical concentrations in the postischemic heart. Hearts were freeze clamped at 77°K after 10 min of normothermic global ischemia followed by 10 s of reflow with control perfusate (n = 7) or perfusate containing 60,000 U r-h-SOD (n = 7). The spectra of these hearts exhibited three different signals: signal A isotropic, g = 2.004, identical to the carbon-centered ubiquinone free radical; signal B anisotropic with axial symmetry, g11 = 2.033, gI = 2.005, identical to the oxygen-centered alkyl peroxyl free radical; and the signal C an isotropic triplet, g = 2.000, a. = 24 G, similar to a nitrogencentered free radical such as a peroxyl amine. With r-h-SOD administration the concentration of the oxygen free radical, signal B, was reduced 49% from 6.8±0.3 ,uM to 3.5±0.3 ,M (P < 0.01) and the concentration of the nitrogen free radical, signal C, was reduced 38% from 3.4±0.3 to 2.1±0.3 ;MM (P < 0.01). The concentration of the carbon-centered free radical, signal A, however, was increased 51% from 3.3±0.2 to 5.0±0.2 ,uM (P < 0.01). Identical reperfusion with peroxide-inactivated r-h-SOD did not alter the concentrations of free radicals indicating that the specific enzymatic activity of r-h-SOD is required to decrease the concentrations of reactive oxygen free radicals. Additional measurements performed varying the duration of reflow demonstrate a burst of oxygen free radical generation peaking at 10 s of reperfusion. r-h-SOD entirely abolished this burst. These studies demonstrate that superoxide-derived free radicals are generated during postischemic reperfusion and suggest that the beneficial effect of r-h-SOD is due to its specific enzymatic scavenging of superoxide free radicals.
Introduction
Spontaneous thrombosis of a coronary artery produces regional myocardial ischemia and ultimately myocardial infarction. It has been demonstrated that timely reperfusion of ischemic myocardium can reduce the amount of necrosis after coronary artery occlusion (1) (2) (3) (4) (5) . There is evidence, however, that reperfusion while terminating ischemia may also cause further myocardial damage (6) (7) (8) (9) . This reperfusion damage is Receivedfor publication 7 April 1987 and in revisedform 8 Reperfusion injury is characterized histologically by the formation of contraction bands in the contractile proteins, calcific granules within mitochondria as well as by cell swelling, and disruption of sarcoplasmic and mitrochondial membranes (10, 1 1). It has been proposed that reactive oxygen free radicals are generated in postischemic myocardium and mediate the observed cell injury. A large number of studies demonstrating the beneficial effects of free radical scavengers have given support to the free radical hypothesis. In particular, numerous laboratories have demonstrated that superoxide dismutase (SOD)' administered during ischemia and after reperfusion significantly reduces reperfusion injury (12) (13) (14) (15) . Recently, recombinant human copper-zinc superoxide dismutase (r-h-SOD) has become available. Studies performed in our laboratory have demonstrated that r-h-SOD administered only during reperfusion markedly improves functional and metabolic recovery in perfused rabbit hearts subjected to global ischemia (16) . With regional ischemia in in vivo dogs we have also demonstrated that r-h-SOD administered during reperfusion decreases infarct size (17) . Therefore, there is a large quantity of evidence suggesting that administration of SOD can decrease reperfusion injury.
Copper-zinc SOD is a 32,000-mol wt enzyme made up of two identical subunits, each of which contains one Cu2' and one Zn2+ (18) . It catalyzes the reaction *O +°2 + 2H+ -H202 + 02, in which two molecules of superoxide (CO-) react to form hydrogen peroxide (H202) and molecular oxygen (02).
It is presumed that SOD prevents reperfusion injury by specific enzymatic scavenging of superoxide with the elimination of superoxide-derived free radicals, but this has never been proven.
Recently we have applied electron paramagnetic resonance spectroscopy to directly measure and characterize free radical generation in postischemic myocardium. We have demonstrated that there is a burst of oxygen free radicals generated in the first minute of reperfusion (19) . In this study we determine if r-h-SOD actually decreases the concentration of oxygen free radicals in postischemic myocardium. In so doing we determine if superoxide-derived radicals are actually generated and if the beneficial effect of SOD is actually due to its specific activity.
Methods
Isolated rabbit hearts were perfused by the method of Langendorffat a constant pressure of 80 mmHg with a Krebs-bicarbonate buffered 1 . Abbreviations used in this paper: EPR, electron paramagnetic resonance; *°2 superoxide; r-h-SOD, recombinant human superoxide dismutase; SOD, superoxide dismutase. perfusate consisting of 117 mM NaCl, 24.6 mM NaHCO3, 5.9 mM KCl, 1.2 mM MgCl2, 2.5 mM CaC12, 0.5 mM EDTA, 16.7 mM glucose, which was bubbled with 95% 02-5% CO2 gas. Hearts were freeze clamped using Wollenberger tongs cooled to 77°K after 10 min of ischemia followed by reflow with control perfusate or perfusate containing r-h-SOD. 60,000 U of r-h-SOD were dissolved in perfusate solution and administered over 10 s. The hearts were then freeze clamped, ground to a fine powder under liquid nitrogen, and the powder transferred to precision electron paramagnetic resonance (EPR) tubes. EPR spectra were then recorded at a temperature of77°K using a Varian E-9 spectrometer. Temperature annealing studies were performed to separate the three observed signals. Each of the component signals have different temperature stability and can be isolated by gradual warming of the sample. On warming the heart sample to 193°K for 60 s one of the original spectral components disappeared (Fig. 1 B) . The difference spectrum, A-B, shows this component to be a 3220. 3260 . 3300. 3340. 3380. MAGNETIC FIELD (Gauss) Figure 1 . EPR spectra of a heart sample freeze clamped after 10 min ischemia followed by 10 s of reflow with perfusate containing inactivated r-h-SOD. Microwave frequency, 9.278 GHz; microwave power, 1.0 mw; modulation amplitude, 2. triplet signal (Fig. 1 A-B) . On further warming to 1931K for 1 h, a second component disappears leaving only one remaining component, a symmetric gaussian line (Fig. 1 C) . The difference spectra, B-C, reveals a signal that exhibits the characteristic absorption function of an electron in an environment with axial symmetry (Fig. 1 B-C) . Quantitation ofeach signal was performed from the ratio ofthe double integral to that of a known concentration potassium peroxylamine disulfonate standard in frozen aqueous solution in an identical EPR tube (20) . Care was taken to perform these measurements with nonsaturating microwave power.
r-h-SOD was obtained from Biotechnology General Corp. and was verified to be > 99% pure by electrophoresis. Enzymatic inactivation of r-h-SOD was performed by incubation ofthe enzyme at alkaline pH with hydrogen peroxide as described by Hodgson and Fridovich (21) . This inactivation procedure specifically destroys enzyme activity without altering the protein conformation (21) .
Results
Hearts reflowed for 10 s with control perfusate or with perfusate containing inactivated r-h-SOD exhibit a well-defined EPR spectrum consisting of three component signals (Fig. 1  A) . The three component signals are A, a symmetric gaussian line at g = 2.004 indicative of an isotropic free radical ( Fig. 1  C) ; B, a signal with axial symmetry g1l = 2.033, g, = 2.005 ( Fig. 1 B-C), and C, a triplet signal with g = 2.000 and hyperfine splitting an = 24 G ( Fig. 1 A-B) .
When samples were thawed at room temperature for 10 min and then refrozen the magnitude ofthe signals in the g = 2 region greatly decreased. The B and C signals totally disappeared and the A signal decreased by 70%. This confirms that all three observed signals are due to free radicals. Even when spectra were recorded with increased modulation amplitudes of 5 gauss and microwave power of 20 mW, no superimposed signals from paramagnetic metal ions were observed.
Signal A exhibits identical g value, linewidth, power saturation, and temperature stability to that of a semiquinone free radical (22, 23) . This signal, which is observed in control hearts, appears to correspond to the signal arising from the one electron reduced ubiquinone free radical, which has been previously noted in cells and mitochondrial suspensions (24) . Power saturation studies were performed in control heart samples that exhibit the A signal, and the saturation behavior was found to be similar to that of the ubiquinone free radical. At microwave power > 1.0 mW saturation was observed. The intensity of this signal was stable at 1 930K.
Signal B, which exhibits axial symmetry, is similar to signals previously reported for oxygen-centered free radicals. The observed g values are identical to those of alkyl peroxyl free radicals but also fall within the range of values described for superoxide (25, 26) . The power saturation behavior of this signal was investigated in samples from postischemic reflowed hearts, and saturation was observed only at high microwave power > 20 mW. This signal was observed to be stable only at very low temperatures < 193°K. Similar power saturation and temperature instability has been observed for the superoxide anion free radical and the alkyl peroxyl free radical (25, 26) .
Signal C is a triplet which is suggestive of a nitrogen-centered free radical. This signal is similar to that of the frozen peroxylamine standard, but the identity of this free radical remains uncertain.
It has previously been shown that signal A is observed in the normally perfused heart, whereas signals B and C appear during ischemia and markedly increase in the early seconds of postischemic reperfusion (19) . Identical spectra were observed from hearts reflowed with control perfusate or perfusate containing inactivated r-h-SOD. Hearts reflowed with perfusate containing enzymatically active r-h-SOD, however, exhibited clearly different spectra than the control or inactivated r-h-SOD-treated hearts. The total signal was reduced with marked changes observed in each of the three component signals. As can be seen on careful examination of these spectra, each of the component signals were variably affected (Fig. 2) . With the temperature annealing technique previously described, each of the three component signals were resolved.
The oxygen centered radical, signal B, is clearly decreased by treatment with enzymaticly active r-h-SOD (Fig. 3) . The nitrogen-centered radical is also decreased with administration of active r-h-SOD, as seen in Fig. 4 . However, the relatively stable carbon-centered free radical is increased with active r-h-SOD treatment (Fig. 5 ).
Hearts were subjected to 10 min of ischemia followed by reflow for 10 s with either control perfusate or perfusate containing r-h-SOD, with seven hearts in each group. EPR spectra were obtained and then resolved into the component signals. In each of the hearts similar changes were observed to those previously noted above (Figs. [3] [4] [5] Figure 2 . EPR spectra of a heart sample free clamped after 10 min ischemia followed by 10 s of reflow with perfusate containing either inactivated r-h-SOD (A) or active r-h-SOD (B). Both spectra were obtained with identical instrument settings at 770K. Microwave frequency, 9.278 GHz; microwave power, 1.0 mw; modulation amplitude, 2.5 G.
3220.
3260. 3300.
3340.
3380.
MAGNETIC FIELD (Gauss) Figure 3 . Effect of r-h-SOD on the oxygen free radical, signal B. Spectra were obtained by subjecting the samples from Statistical analysis demonstrated that each ofthe changes were significant with P < 0.01. To assess whether the observed effect of r-h-SOD represents a true decrease in oxygen-free radical generation rather than just a temporal shift in the peak of free radical generation, we reperfused hearts after 10 min ischemia for varying lengths of time ranging from 1 to 60 s. As shown in Fig. 6 a, when hearts are reflowed with control perfusate there is a burst of oxygen free radical generation with levels peaking at 10 s of reflow. r-h-SOD administered almost totally eliminated this burst in oxygen free radical generation throughout this period of reperfusion. With r-h-SOD treatment the concentration of the oxygen-centered free radical, signal B, did not significantly increase above the level observed during ischemia (Fig. 6 a) . Similarly these time course experiments demonstrate that with r-h-SOD treatment there is a true increase in the overshoot of the carbon-centered free radical, signal A, which occurs after reperfusion (Fig. 6 b) .
Discussion
Over the last decade a large body ofevidence has accumulated, indicating that reperfusion of ischemic myocardium, though beneficial, is accompanied by specific reperfusion injury (6) (7) (8) (9) It has been postulated that oxygen free radicals generated during postischemic reperfusion are responsible for much of this reperfusion injury. It has been specifically proposed that during ischemia and postischemic reperfusion that large quantities of superoxide free radicals, *°2 are generated (12) (13) (14) (15) (16) 
The 'OH which is generated will in turn react with biological molecules such as lipid membranes attacking unsaturated fatty acid chains, resulting in lipid peroxidation and the formation of lipid alkyl peroxyl radicals, ROO, as shown in Eqs. 3-5:
(5) Thus, lipid peroxidation once initiated by 'OH can be self perpetuated. This process may be the cause of the membrane abnormalities and cell swelling observed in reperfused myocardium.
The free radical hypothesis has been supported by a number ofanimal model studies showing that administration ofthe superoxide radical scavenging enzyme, SOD, during postischemic reperfusion results in greater recovery of myocardial function and smaller infarct size (12) (13) (14) (27) (28) (29) (30) . Thus, there is considerable indirect evidence supporting the free radical hypothesis of reperfusion injury. Recently, we have directly demonstrated using electron paramagnetic resonance spectroscopy that large concentrations of oxygen free radicals are actually generated during postischemic reperfusion (19) .
As a result of recombinant DNA technology the human copper-zinc enzyme, r-h-SOD, is now available. This enzyme fully retains it enzymatic activity and only differs from the naturally occuring human red blood cell SOD in that its amino-terminus is not acetylated. Studies in the isolated rabbit heart model of global ischemia and the canine model of re- gional ischemia have demonstrated that r-h-SOD treatment during reperfusion can result in improved recovery of function and high energy phosphates as well as reduction in infarct size (15, 16) .
Based on these previous studies it has been presumed that r-h-SOD reduces reperfusion injury via its specific enzymatic scavenging of superoxide free radical, however, this has never been proven. In addition, it has been presumed that large quantities of superoxide-derived free radicals are generated in reperfused myocardium. In this study we have directly measured and characterized the free radicals generated in postischemic myocardium using EPR spectroscopy. Three distinct EPR signals were observed. Two of these signals were from highly reactive temperature labile free radicals. One of these labile signals, signal B, was anisotropic with axial symmetry with g1l = 2.033 and go = 2.005. The g values, temperature instability, and power saturation properties of this signal are identical to those previously demonstrated for the alkyl peroxyl free radical, RO0 (25) . The presence ofaxial symmetry is also similarly observed for the superoxide free radical, *°2, however, the observed g values are different than those reported for *°2 in aqueous solution. -formed by the aqueous xanthine oxidase or H202-NaIO4 generating systems. Therefore, this signal appears to be secondary to the alkyl peroxyl free radical derived from *°2 rather than "O itself.
The other temperature labile free radical exhibits a triplet signal with a g value of2.000 and hyperfine splitting an = 24 G. The presence of this triplet splitting suggests coupling of the electron to a nucleus with nuclear spin, I = 1. The only such biologically available nucleus is nitrogen so it is presumed that this signal arises from a nitrogen-centered free radical. The exact identity ofthis free radical is unclear, but the g value and observed hyperfine splitting is similar to that seen with the peroxyl amine disulfonate standard. This free radical could possibly arise from the reaction of OH with protein amines resulting in the formation of peroxyl amine derivatives.
The third signal arises from a much less reactive and relatively temperature-stable free radical. This signal is isotropic with a g value of 2.004. The observed g value, linewidth, temperature stability, and power saturation behavior of the signal are identical to those of the one electron reduced ubiquinone free radical observed in mitochondrial suspensions associated with normal respiration, which results in electron transport through co-enzyme Q (24). This signal is observed in normally perfused hearts; it falls during ischemia and then briefly rises above the baseline levels after reperfusion. In contrast to the two temperature labile signals which disappear on warming to 1930K, this signal is stable at 1930K and is still observed even after thawing at room temperature.
Reperfusion of hearts with r-h-SOD markedly changed the concentrations of each of these free radicals. The reactive oxygen centered alkyl peroxyl free radical was reduced 49% from a peak concentration of 6.8 to 3.5 1AM, whereas the reactive nitrogen radical concentration was reduced 38% from 3.4 to 2.1 1AM. The stable carbon-centered ubiquinone free radical, however, was increased 51% from 3.3 to 5.0 ,uM. Reperfusion of r-h-SOD, which was inactivated by prior hydrogen peroxide treatment, did not alter the free radical concentrations. In experiments performed varying the duration of reperfusion, it was observed that r-h-SOD treatment eliminated the burst of oxygen free radical generation observed with postischemic reperfusion. These observations demonstrate that superoxide free radicals are generated in postischemic myocardium and react with biological molecules to form alkyl peroxyl free radicals. This process would be expected to potentially result in cellular damage with resultant impaired contractile function. Indeed, we have previously observed in the same rabbit global ischemia model that there is reperfusion-induced functional and metabolic impairment that can be prevented with r-h-SOD (16) . r-h-SOD administered during postischemic reperfusion markedly decreased the concentration of reactive oxygen free radicals in postischemic myocardium and eliminated the burst of oxygen free radical generation that occurs with postischemic reperfusion. Interestingly, the stable carbon-centered free radical, which appears to be the one electron reduced ubiquinone free radical, is increased with SOD treatment. In the absence of r-h-SOD treatment an overshoot above baseline concentrations was observed during the first minute of reperfusion, however, with r-h-SOD treatment this overshoot is exaggerated. This exaggerated overshoot in the ubiquinone free radical concentration could be secondary to improved and more rapid metabolic recovery with resultant increased rates of electron transport funneling electrons through ubiquinone. Previous phosphorus nuclear magnetic resonance studies have demonstrated that r-h-SOD treatment does result in an improved and more rapid metabolic recovery, and a similar exaggerated overshoot in the phosphocreatine concentration was observed (15) . In addition the conversion ofVO2 to 02 by r-h-SOD could increase tissue 02 content with increased electron transport resulting in a more marked overshoot in the concentration of the one electron reduced ubiquinone free radical.
A number of mechanisms have been proposed to generate O-in postischemic myocardium. During ischemia high concentrations of hypoxanthine accumulate due to the degradation of ATP (31) . Metabolism of this nucleotide is normally mediated by xanthine dehydrogenase; during ischemia however, this enzyme is converted to the oxidase form which reduces 02 forming *°2 (32) . Other possible sources of (O-include mitochondrial oxidation (33), oxidation of catecholamines released locally during ischemia (34) , and generation by polymorphonuclear leukocytes that migrate to the ischemic tissue (35) . Another potentially important mechanism of .02 formation is the oxidation of heme proteins. In particular, the conversion of oxy-myoglobin and oxy-hemoglobin from the ferrous to the ferric redox state could result in the formation of large quantities of O . It is well known that acidic conditions induce the conversion of native ferrous myoglobin or hemoglobin to the ferric met-state (36) . During global ischemia it has been demonstrated that marked myocardial acidosis occurs (16) . Therefore ischemia could also prime this mechanism of O-generation, leading to a burst in free radical generation upon reperfusion.
In the non-blood-perfused heart model that we have studied, it is unlikely that sufficient numbers of polymorphonuclear leukocytes would remain to account for the observed oxygen radical formation. However, in vivo, primary myocardial-generated free radicals could activate these leukocytes, resulting in further free radical generation amplifying that seen in our model. Therefore leukocyte activation may still be of great importance for in vivo reperfusion injury as previously suggested (37, 38) . It has also been demonstrated that the concentrations of xanthine oxidase in rabbit myocardium are quite low, as is also the case in man (39) . Therefore xanthine oxidase might not be the major source of O in our model. Clearly, much further work is needed to define and quantitate the actual mechanisms of *Oj generation in reperfused myocardium.
It has been questioned whether a large intravascularly administered macromolecule such as SOD can actually work to decrease myocardial oxygen free radical concentrations. There are three possible ways in which SOD could be working. First, the cell membrance of the ischemic myocyte may become more permeable, allowing SOD to enter the myocyte. Release of the macromolecules creatine kinase and phosphorylase has recently been demonstrated to occur from ischemic myocytes in the absence of cell necrosis (40, 41) . Alternatively, SOD could be restricted to the vascular space with the *°2 generated in the myocytes being transferred to the vascular space. At the low pH present in ischemic myocardium a significant fraction of the *2 would be protonated and thus able to passively diffuse through the cell membrane to the vascular space. In addition it has been suggested that O-, even in the ionized state, can be transported out of cells via membrane anion channels (42) . Finally, it is possible that O-could be generated in the vascular space via polymorphonuclear leukocytes or endothelial cells.
In conclusion we have demonstrated that r-h-SOD actually reduces the concentration of OF-derived free radicals in reperfused myocardium. This effect was only observed with the enzymatically active protein. These observations confirm that *02 is actually generated in reperfused myocardium and suggest that the beneficial effect of r-h-SOD is actually due to the specific enzymatic scavenging of the superoxide free radical.
